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ABSTRACT

Human bigmonitoring has become an important tool for the assessment of internal doses of metallic
and metalloid elements. These elements are of great significance because of their toxic properties and
wide distribution in environmental compartments. Although blood and urine are the most used and ac-
cepted matrices for human biomonitoring, other non-conventional samples (saliva, placenta, meconium,
hair, nails, teeth, breast milk) may have practical advantages and would provide additional information
ot health risk. Nevertheless, the analysis of these compounds in biclogical matrices other than blood
and wurine has not yet been accepted as a useful tool for blomenitoring. The validation of analytical pro-
cedures i5 absolutely necessary for a proper implementation of non-conventional samples in biomenitoring
programs. However, the lack of reliable and useful analytical methodologies to assess expasure (o me-
tallic elements, and the potential interference of external contamination and variation in biological features
of non-conventional samples are important limitations for setting health-based reference values. The in-
fluence of potential confounding factors on metallic concentration should always be considered, More
research is needed to ascertain whether or not non-conventional matrices offer definitive advantages
over the traditional samples and to broaden the available database for establishing worldwide accepted
reference values in non-exposed populations.

© 2015 Elsevier Lid. This is an open access article under the CCBY license.

1. Infroduction

Although the presence of a xenobiotic in the environment always
represents a risk for living organisms, the onset of toxicity needs
to consider key factors such as physicochemical properties of the
compound, routes of exposure, health status, genetic susceptibili-
ty, etc. that are determinants of the reaction of the organism against
harmful chemicals. Biomarkers provide useful information on the
nature and the effect of an exposure, as well as on the susceptibil-
ity of individuals or populations to the toxic effects of such an
exposure. However, this review will focus only on biomarkers of
humnan exposure to metal and metalloid elements. Human biolog-
ical monitoring has become an important tool in environmental and
public health for the assessment of internal doses of harmful sub-
stances and to evaluate temporal changes in populations exposed
to a particular environmental contaminant (Gil and Herndndez, 200%;
Hernandez et al, 2074).

Toxic metals and metalioids are contaminants of great signifi-
cance because they are widely distributed in air, water, soil and other
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environmental compartments as a result of anthropogenic or geo-
logical releases. The term “heavy metals” has been used
inconsistently in the scientific literature and in legisiation related
to chemical hazards and the safe use of chemicals, thus creating con-
fusion and misunderstanding. This term has never been defined by
IUPAC, and there is a tendency to assume that the so-called “heavy
metals” have highly toxic properties, so it should be abandoned and
replaced by metal-ions (Mishoer and Richardson, 1330} or metal-
lic elements. Moreover, this term has no coherent scientific basis
as it refers €0 a metal and all its compounds, thus implying that they
all have the same physicochemical, biological and toxicological prop-
erties, which is not certainly true (Duffus, 2002). On the other hand,
although arsenic is not a metal, it has been often included under
the term “heavy metal” which is totally inappropriate. Arsenic (As)
is an element that has the physical appearance and properties of a
metal, but it behaves chemically like a non-metal {Duffus, 20035
For the purpose of this review, we will use the term “metallic and
metalloid elements” which is intended 0 cover major toxic metal
and metalloid compounds.

The contamination chain of metallic and metalloid elements re-
sulting from anthropogenic sources usually follows a cyclic order:
industry, atmosphere, soil, water, foods and humans. According o
biomonitoring data from the Centers for Disease Control (CDC) and
other US biomonitoring studies, people are widely exposed to me-
tallic and metalloid elements (COFEH, 2011 ) Human exposure to these
compounds may occur occupationally, environmentally, or through
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dietary intake, with food and water being the most cominon sources
of exposure in the general population (ATSDER {Agenoy for Toxic
Substances and Disease Registry), 2014). Hence, this contamina-
tion has raised great environmental concern because of its potential
long-term effects on human health (Arinah et gl 3014,

Some metallic and metalloid elements present well known toxic
properties such as neurotoxic effects {(inchuding neurodevelopmental
disorders, impaired cognition and intelligence, hyperactive behav-
ior, decreased motor function), but they also can act as mutagenic
and carcinogenic agents, endocrine disrupters, etc.

Exposure to low-dose of metallic and metalioid elements in non-
occupational settings, together with their accumulative capacity in
target organs, is becoming a sericus problem, especially for preg-
nant women, breast-feeding mothers, elderly people and children
as they are considered as the most vulnerable subgroups of pop-
ulation (G and Pla, 2001, Grandiean and Langdrigan, 2014). Children
are exposed to metallic and metalloid elements from early prena-
tal stages because of mother's exposure and the mobilization of these
compounds from maternal tissues during pregnancy and
breastfeeding. Exposure continues during childhood and pre-
adolescence through food and water intake, inhalation of airtborne
pollution and/or dermal absorption of metallic and metalioid ele-
ments (Counter and Buchanan, 2004; Rodriguez-Rarranco of al,
2013 In addition, the body burden of certain of these elements
usually increases with advancing age as a result of their slow elim-
ination from the body, as cccurs with cadmium (Cd) and lead {(Ph)
(G, 2012, Grandiean ef al, 1994). Nevertheless, elimination of me-
tallic elements in humans varies considerably, from days to years,
depending on their half-lives and the organ in which they accu-
mulate, among other factors.

Early knowledge of the health effects of toxic metallic and met-
alloid elements is based on workers occupationally-exposed to
relatively high levels in industry or in populations living in heavily
polluted environments. Only in the last few years have studies con-
cerning human biomonitoring (HBM) addressed the possible effects
of chronic low environmental exposure to mixtures of these com-
pounds in the general population of industrialized countries,
especially those particularly susceptible, such as adolescents
{interdonato et al, 2014).

2. Bislogical samples useful for human biomonitoring

Biomonitoring has the advantage of providing uneguivocal ev-
idence that both exposure and uptake have taken place. Biological
sainples in HBM should be easily accessible under routine condi-
tions and without health risk for the individual. For these reasons,
blood and urine samples are the most widely used and accepted
ratrices for evaluating metallic and metalloid element levels in the
human body in occupational and envirenmental toxicology.

Other less invasive biological samples, including saliva, placen-
ta, meconium, hair, nails, teeth or breast milk have different
toxicokinetic profiles and may prove to have practical advantages
over classical binlogical fluids for the assessment of the internal dose
of metallic and metalloid elements in exposed individuals (Table 1),
Nevertheless, certain samples {e.g., hair) should be viewed only as
a supportive tool and the analytical results put into perspective with
other more reliable data (e.g., blood or urine concentrations) (Angerer
et al, 2007 Harkins and Susten, 2003).

However, strict quality assurance during sampling and chemi-
cal analysis is extremely important. Analytical procedures must be
standardized to help ensure more accurate and reliable results, so
an adequate analytical validation of the methods is absolutely
necessary.

The German Human Biomonitoring Comimission has recom-
mended two criteria to assess exposure: reference values and HBM

values (Schulz et ab, 2007, The reference values indicate the upper
margin of background exposure to a given contaminant in a given
population at a given time. By contrast, HBM values derive two dif-
ferent kinds of values: (a) HBM I, which represents the concentration
of a substance in human biological material below which there is
1o risk for adverse health effects and, consequently, no need for
action; (b) HBM 1i, which represents the concentration above which
there is an increased risk for adverse health effects and then there
is a need of reduced exposure. The latter can be considered as an
intervention or action level. Adverse health effects should be con-
sidered for concentrations in the range between HBM I and HEM
H {Schulz et al, 2007)

2.1. Blood

Metallic elements in blood are distributed between the non-
cellular {(plasma/serum) and intra-cellular compartments {essentially
erythirocytes) and these compounds have different affinity for each
compartment, depending on chemical properties {e.g. lead and eryth-
rocytes). The serum/plasma fraction is the one filtered in the
glomeruli, and therefore these compounds might accumulate in
erytlirocytes in subjects with poor kidney function. Thus, kidney
function has a major physiological impact on the distribution of me-
tallic elemnents between the red blood cell and serum compartment,
resulting in concentrations higher in whole blood than in serum
(Schulize ef 5, 2014).

Blood, as the traditional matrix for HBM of chemicals clearly re-
flects recent exposure to these compounds (Table 1). Whole blood
must be taken with special tubes and bottles for metallic element
measurements and vacutainer needles used for venipuncture should
not add measurable levels of these elements to the collected blood.
Furthermore, currently available anticoagulants have drawbacks as
most of them are either polyanions (e.g., heparin) or metal chela-
tors {e.g., EDTA or citrate} and therefore have a high affinity for metals
(D Cremer, 20030 I an anticoagulant is used, it must be rigor-
pusly controlled, and heparin is the most frequently used for metallic
and metalloid elements analysis. Recent exposures to Cd, Ph and
mercury (Hg) by any route (digestive, respiratory and dermal) can
be assessed by determining their levels in blood; however, a pos-
itive finding does not necessarily have to be related with any adverse
effects {I¥ilio ot al, 2013}

Analysis of Pb in whole blood is the most common and accu-
rate method of assessing Pb exposure as blood Pb levels reflect recent
exposure. The extensive use of blood Pb as a dose metric indicates
the greater feasibility of incorporating blood Pb measurements into
clinical or epidemiclogical studies, cormpared to other potential dose
indicators, such as Pb in kidney, plasma, urine, or bone. Hg levels
in the blood provide more useful information after recent expo-
sures than after fong-term exposures {ATSDE -Agency for Toxic
Substances and Disease Registry-, 2007). Except for methylmer-
cury, blood is considered useful if samples are taken within a few
days of the exposure as most forms of Hg in the blood decrease by
one-half every three days if exposure has ceased.

As for manganese { M), systemic homeostasis of this essential
element is tightly maintained under normal dietary consumption
by both its rate of intestinal absorption and its efficient removal by
the liver. As these processes keep Mn levels in an optimum range
for nutritional requirements of the body, blood or urine
biomenitoring can be considered unreliable. However, this deli-
cate system for in vive Mn regulation may fail under chronic high
doses exposure conditions {Roth, 2008). In workers, group average
blood levels appear to be related to Mn body burden, while group
average urinary excretion levels are considered to be most indica-
tive of recent exposures. Blood and urine levels may also be useful
in detecting groups with above-average current exposure to Mn.
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Table 1

Toxicological significance and major advantages and limitations of the biclogical samples used for human biomonitoring (HBM) of metallic and metalloid elements.
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2.2. Urine

Although urine is a fluid currently used for HBM studies (Table 1),
its high concentration of inorganic salts makes it a difficult matrix
for analytical purposes. Urine usually provides information on recent
exposure, so that it is not useful for determining whether chronic
exposure has occurred to metallic elements except for those with
long half-lives {e.g. Cd). For general population sampling, where the
exposure o metallic elements is expected o be low and likely
uniform over time, urine biomonitoring can fairly reflect expo-
sure, Thus, major biomonitoring studies conducted in children {e.g.,
NHANES, GerES studies) have used urine instead of invasive samples,
such as blood, as the latter are difficult to obtain and would result
in low participation rates potentially leading to selection bias
(MoDowell er al, 2004),

First morning urine samples should be collected and stored at
least at 20 °C until analysis for less than 3 months. Oral instruc-
tions focusing on precautions against contamination should be
always given before sample collection (Gl and Hernandez, 2009).

As sometimes the knowledge of the total content of metallic and
metalloid elements in a biclogical sample does not give a com-
plete value of the environmental situation, it is necessary to carry
out a chemical speciation analysis to evaluate properly the toxic po-
tential. Measurement of urinary As levels is generally accepted as
the most reliable indicator of recent As exposure because urine is
the main route of excretion of most As species. About 75% of total
urinary As consists of organics forms (Caldwell of al, 300%) and total
urinary As levels have been accepted as a good biomarker of dose
(WHO, 2001). Thus, total urinary As is a less useful biomarker of
exposure o inorganic As, unless ingestion of foods of marine origin
{e.g., especially seaweed and mussels} can be excluded as such foods
can result in a rapid increase in total urine As levels. Even small
amounts of seafood can invalidate total urinary As as an indicator
of exposure to inorganic arsenic, particularly if such intake is
common and the exposure o inorganic As is low. In such a scenar-
io, people should be asked to refrain from eating such food at least
5 days before urine sampling. To overcome these limitations, the
sum of inorganic species and their metabolites should be rou-
tinely measured.

Hg in urine is currently used to test for exposure o metallic Hg
vapor and inorganic forms of Hg. Besides industrial emission, Hg
levels are most likely due to the large use of dental amalgam fill-
ings, and methylmercury exposure derives also from fish
consumption (WHQ, 1888). However, urine is not useful for deter-
mining whether exposure has occurred to methyl-Hg. Hg levels found
in urine, blood and hair may be used together to predict possible
health effects that may be caused by the different forms of Hg (ATS0R
-Agency for Toxic Substances and Disease Registry -, 1989).

Although measurements of urinary Pb levels have been used to
assess Pb exposure, they are niot as reliable as analysis in whole blood,
which is the most common and accurate method of assessing recent
Pb exposure (ATSDR -Agency for Toxic Substances and Disease
Registry-, 2007). Urinary Pb concentration increases exponen-
tially with blood Pb and can exhibit relatively high intra-individual
variability, even at similar blood Pb levels. However, the use of non-
invasive biclogical samples (such as urine or hair) may provide useful
information for biomonitoring studies in certain subgroups of pop-
ulation {e.g., children) where blood testing is more difficult to carry
out.

Low levels of essential elements such as Mn are non-toxic but
at high levels may produce adverse health effects. Urine (and also
blood) levels may be useful in detecting groups with above-
average current exposure o Mn. However, measurements in
individuals may only be related to exposure dose after exposure has
ceased (ATSDIN -Agenoy for Toxie Substances and Disease Reglstiy-,
20312). Because excess Mn is usually removed from the body within

a few days, past exposures are difficult to measure with comimon
laboratory tests.

The urinary Cd concentration is mainly influenced by the body
burden and is proportional to the concentration in the kidneys. The
arnount of Cd in urine shows both recent and past exposure (ATSOR
-Agency for Toxic Substances and Diseass Registyry-, 2012). Non-
smokers have urinary Cd concentrations of 0.02-0.7 pg/L, and their
levels slowly increase with age together with the accumulation of
Cd in the Kidney (Berglund et al, 3011). While tobacco smoke is one
of the largest single sources of Cd exposure in humans, food prod-
ucts comprise most of the human exposure burden to Cd in non-
simokers and non-occupationally exposed workers (Morais et al,
3012 The revised German reference level for urine Cd is 0.2 ug/L
(Schusls et al, 2008); accordingly, levels above this value are a matter
of concern as Cd is a known carcinogen. Besides, values of urine Cd
above 1 ugfg creatinine have been associated with renal tubular dys-
function, calcium metabolism disturbances and a higher risk of lung
cancer {Banza et al, 2008).

2.3. Hair

Despite blood and urine analysis being traditional approaches
for evaluating levels of metallic and metalloid element in the human
body, these compounds are steadily incorporated into hair over time.
In fact, as metal or metalloid cations bind to the sulfur atoms of the
keratin present in hair matrix (Bencko, 1945), hair can be used as
a screening tool for biomonitoring chronic exposure to environ-
mental toxic compounds. Hair concentrations of metallic and
metalioid elements are up to 10-fold higher than those found in tra-
ditional samples of blood or urine (Bader et &b, 199%; Cammelgasrd
ancd Veten, 1990) The metallic element composition of hair has two
major sources: secretion of endogencus compounds from the blood-
stream and uptake from the external surface of the hair because of
external contamination. As hair is hygroscopic, a nurnber of liquid
materials {(shampoos, dyes and even sweat) containing metallic el-
ements can enter the hair. This process appears to be pH sensitive
and similar to ion exchange, but shows wide interindividual dif-
ferences (Buckley and Drensti, 1884).

Human hair has a number of advantages over other biological
samples (Table 1), Hair grows approximately 10 mm per month and
allows for long-term monitoring of past and recent exposure and
usually reflects average concentrations for the previous months’ ex-
posures {Bermeio-Barrers et al, 1988 Although segmental hair
analysis (e.g. determination of the analyte concentration along the
length of the hair) might provide valuable information on the time
of exposure, it is not currently carried out for biomonitoring pur-
poses in the general population (e.g. NHANES and GerES studies).

ATSDR has explored human hair analysis as a potential addi-
tional tool to assess exposure and the US-EPA has regarded hair as
one of the most important biological materials for worldwide en-
vironmental monitoring of elements. Hair has also been used by the
International Atomic Energy Agency (IAEA} to monitor trends in
element levels {Drovan ot al, 1958 Morton e al, 20032, Although
analytical methods can detect trace or low amounts of metallic and
metalloid elements in the hair and could indicate exposure (AT5DR
ney for Toxde Subetances and Disease Registry-, 2007 Harkins
angd Sustery, 2003), there is controversy on whether the measure-
ment of g substance in the hair accurately reflects external exposure
or internal body dose. Except for Hg, methyl mercury, (and perhaps
As}, data are insufficient to reliably indicate the source of expo-
sure and the internal dose as well as to predict the resultant health
effects from the measurement of a particular substance in the hair
(ATSDIN -Agenuy o i Substances and Dsease Reglatiry-, :
farking and Sust ). The presence of roadside dust in hair
and evaporation of sweat on hair could lead to an even greater in-
corporation of metallic and metalloid elements in hair via this

-
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exogenous route. In addition to the potential for external contam-
ination, other limitations for hair testing are listed in Table 1. To avoid
this drawback, hair samples (30 mg) must be subjected to the
washing procedure recomnmmended by [AEA to provide an accurate
assessment of the endogenous content of metallic and metalloid
elements (Bermsn-Barrera et al, 2000; Olmedo ey all, 2010). In par-
ticular, hair must be initially washed by ultrasonic cleaning in a non-
ionic detergent solution {e.g. Triton X-100). Thereafter, the detergent
is removed by ultrapure water and then hair must be washed by
ultrasonic cleaning in an ethanol soclution. Microwave digestion pro-
cedure using a HNO;-HC-H,0; mixture has been recommended
as the sample preparation method. Preliminary experiments must
be performed to check that scissors do not release metal ele-
ments; nevertheless, ceramic scissors can be used instead to avoid
metallic contamination. As hair readily adheres to the wall of con-
tainers by electrostatic attraction, care must be taken in fransfer
operations {Qlmede et al, 2010).

Another disadvantage of hair testing is the lack of sufficient in-
formation to define a reference range for the general population,
because concentrations of metallic and metalloid elements in hair
vary significantly {Esteban and Castafio, 2008) (Tabkle 1). Thus, more
studies are needed to breaden the database for these compounds
in hair with the aim of setting reference values that aliow hair testing
to become a reliable exposure biomarker. Certain authors have sug-
gested analyzing axillary hair instead of the more common scalp
hair because the armpits are much less prone to external contam-
ination by metallic and metalloid elements present in dust {Bader
et 3h, 1998 Gil et al, 20110

The correlation between levels of these elements in hair and other
biological materials commonly used for environmental exposure as-
sessment, such as bloed or urine, has been previously addressed
for biological monitoring purposes. Circulating levels of metallic and
metalloid ions can be attached to the keratin molecules during the
short period of hair formation and theoretically should correlate with
their biood concentration (and perhaps, body stores) during hair
formation (Gil et al, 2011). However, while hair content for most
metallic and metalloid elements is usually related to past expo-
sures, urinary levels reflect very recent exposure. The lack of
significant correlation between the content of these elements in
blood and other samples (e.g. hair} might be due to their different
and rather complex incorporation-kinetics in these other
compartments.

There is general consensus that many scientific issues need to
be resolved before hair analysis can become a useful tool in un-
derstanding environmental exposures. Besides, the range of metal
and metalloid contamination levels typically found in human hair
is unknown for the scientific community. Without reliable data on
baseline or background hair contamination levels in the general pop-
ulation, health agencies cannot determine whether results from a
given site are unusually high or low. In addition to the pre-analytical
issues and the absence of reliable reference ranges, the quality of
analytical techniques used for determining metallic and metalloid
elements in hair has been guestioned.

Only As and Hg are validated to be measured in hair {AT30R
~Agency for Toxic Substances and Disease Registry-, 2001, Harkins
and Susten, 2003), Hair Pb is a relatively poor predictor of blood
Ph, particularly at low concentrations. The concentration of As in
the root of the hair is in equilibrium with the concentration in the
blood. Studies of exposed workers have not found a quantitative
relationship between hair Cd levels and body burden. Because of
the potential for sample contamination, hair levels are not reli-
able either as predictors of toxicity or as indicators of cccupational
exposure.

More research is needed to establish standardized references
ranges, gain a better understanding of hair as a better measure or
predictor of disease than other traditional biclogical samples.

2.4. Saliva

The presence of metallic and metalloid elements in saliva has
been reported by several authors {Agaoglu et al, 2001, Burguera
et al, 1993 Gil et ok, 2011 Menegdrio o al, 3001 Wang of al, 2008).
Although saliva could be pursued as an alternative biclogical sample
to blood and urine for metallic and metalloid elements testing, it
has not yet been accepted as a useful tool for biclogical monitor-
ing {e.g. occupational purposes). A number of factors have limited
the use of saliva as a suitable sample for occupational and envi-
ronmental exposures. Major limitations of saliva as a matrix for
testing metallic and metalloid elements are listed in Tabde 1. Besides,
saliva shows large variations in its ion content throughout the day,
coupled with changes in salivary flow rates before, during, and after
meals. Variations also arise depending on the manner in which saliva
collection is stimulated (or not) and on the nutritional and hor-
monal status of the individual (Barbosa et al, J005; Esteban and
Castafin, 2008),

One of the reasons for the scarcity of studies carried out in saliva
could be related to the fact that this matrix is physiologically and
biochemically a heterogeneous fluid whose composition reflects that
of typical extracellular fluids {Wang o1 al,, 2008). Using the whole
{mixed) saliva overcomes some of the problems caused by varia-
tions in its composition depending on the gland where it is preduced.
Whole saliva also has the advantage of reflecting biological events
occurring in the mouth for much of the day (Duggal et al, 1991
The physical properties, amount, and composition of saliva are in-
fluenced by factors such as diet, time of day and physic condition
and all these factors may possibly explain the variations in saliva
composition {Fors and Perssan, 2008; Kocadersli ot al, 2000), These
fluctuations, along with the ionic composition of saliva, may also
affect the behavior of metallic and metalioid elements in the mouth.

Moreover, an increase in the salivary concentration of certain
metal compounds {e.g. nickel and chromium) has been reported fol-
lowing the insertion of fixed orthodontic appliances, particularly
following bonding {Fors and Pereson, 3008). These appliances might
increase the amount of metallic and metalloid elements in saliva.
The presence of haemoglobin may also affect the values of certain
toxic metals (Gierdet ot al, 18591),

When using saliva as biological matrix for testing metallic and
metalloid elements, samples should be collected before breakfast
to minimize variability in salivary composition and immediately after
rinsing the mouth with sterilized distilled water. Subjects are re-
quested to refrain from oral activities, such as chewing, drinking,
tooth brushing, and cigarette srnoking for at least 1 h before sample
collection (Kim e+ al,, 2010). Unstimulated saliva can be collected
in polypropylene tubes, and the first milliliter should be dis-
carded. After centrifugation to precipitate sediment cellular debris,
samples should be stored at —20 °C until processing {Olmedo ¢t al,
2016,

2.5. Placenta

Fetuses and neonates are especially vulnerable to toxic chemi-
cals because of the immaturity of their detoxification systems and
high rate of cell proliferation and tissue growth. As the placental
passage represents the main access of chemical agents to the fetus,
placenta samples can be helpful to investigate intrauterine expo-
sure to metallic and metalioid elements. Placenta is easy to obtain
and may furnish information on the exposure of both mother and
fetus (Esteban-Vasalle of al, 2012). Because some metallic and met-
alloid elements may reach and cross the placental barrier and
interfere with placental transport systems, prenatal exposure to these
toxic compounds is a matter of special concern {AT5DR -Agency for
Toxic Substances and Disea
Wier ot al, 1983 Zhang et b

204).
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As the placenta accumulates metallic and metalloid elements
during pregnancy, it can be used to assess chronic exposure 1o these
compounds, thus avoiding repeated maternal bloed sampling and
other invasive biomonitoring (Esteban and Castafio, 2008); the role
played by placental xenobiotic metabolizing enzymes makes this
sample a very sensitive matrix to examine the fate and effects of
chemicals on the fetus.

Major limitations and precautions of placenta are shown in
Table 1. Prior to analysis, the placenta needs an initial washing to
remove blood or clots and then is homogenized and digested. Some
data indicate that pre-treatment, elimination of fluids, and freez-
ing may modify levels of metallic and metalioid elements
{Esteban-Yasalio et al,, 2012} For these compounds, some studies
have found a positive correlation between placenta and venous or
arterial cord blood, umbilical tissue or maternal and neonate hair
{e.g Hg) (Needham ot 5, 2011). On the other hand, smoking during
pregnancy significantly contributes to higher Cd concentrations in
placenta (Amaya et al, 2013 Stasenko et al,, 2010).

Further research will permit the investigation of the factors con-
tributing to intrauterine exposure to metallic and metalioid elements,
the impact on infant development of the placental transfer of toxic
compounds and the establishment of validated reference levels.

2.6, Meconium

Due to placental transfer, measurement of contaminants in bi-
ological samples from the newborn may reflect in utero exposures,
The prenatal period is a critical time when the central nervous system
is developing, and the fetus is particularly sensitive to chemical ex-
posure during this stage. Meconium is the first, viscous, odorless
and black feces discharged 2-3 days after birth. 1t is formed by the
fetus as early as the 12th week of gestation and accumulates
throughowt pregnancy (Ostrea et al, 2008). As meconium is not ex-
creted before birth, it can be used to examine cumulative prenatal
exposures during the second and third trimesters of pregnancy. A
narrower time window of exposure cannot be used. Major advan-
tages and limitations of meconium as a biclogical matrix for HBM
are shown in Tabdle 1. This biological medium has demonstrated its
usefulness for the analysis of nicotine, drugs, alcohol and environ-
mental contaminants. Meconium, as well as placenta and cord bloed,
are pertinent media for assessing the actual body burden of me-
tallic and metalloid elements in neonates. In addition, serial collection
of meconium for a newborn may reflect the degree and time of ma-
ternal exposure at various stages of gestation (Ostrea et al, 1894),
In this regard, Ortega-Garcla et al. {2006} divided meconium into
three parts: 0-10 hours, 18-24 hours, and 24-48 hours after birth,
where concentrations of some environmental contaminants in-
creased from the first meconium stool to the third, which might
allow the tirmning of the highest exposure of the fetus to be esti-
mated. Furtherimore, the analytical sensitivity for many compounds
is better than when using urine or cord blood samples, so that me-
conium appears to be a helpful tool in evaluating fetal exposure {o
environmental contaminants that might affect children's develop-
ment (Tuniisto, 2006).

Although metallic and metalloid elements exposure assess-
ment during the fetal period has been carried out mainly using cord
blood, meconium is an alternative sample for identifying in utero
exposure of infants to a number of illicit and legal drugs, pesti-
cides and metallic and metalicid elements {(Jiang et al,
2010, Maynard et al, 19971, Ostrea of al, J002; Turker et al, 2008).
As the behavior of chemnical concentration in meconium differ from
other samples, more research is warranted to compare with the con-
centration of metallic and metalloid elements in other biological
samples {cord blood, placenta) for a proper assessment of the use-
fulness of meconium in the evaluation of prenatal exposure to those
compounds (Yang et al, 2013).

B

Meconium samples should not contain toxic metal and metal-
loid elements under normal conditions. The fetus can be exposed
to these and other chemicals, most of which are deposited and ac-
cumulated in the meconium. These chemicals can be accuwmulated
in meconium through bile secretion andjor fetal swallowing of am-
niotic fluid, which contains these chemicals {Ostrea et al, 2008).
Meconium appears to be the most reliable matrix for assessing fetal
Hg exposure, even though Hg levels in maternal blood and cord blood
are low (Lanphear and Bearer, 2005, Bamires ef al, 2000) Some
studies have shown an association between preterm mortality and
concentrations to metallic and metalloid elements {e.g. Pb} in
newborn meconium (Turker et al, 2013}

2.7. Nail

Usually, 0.5 g of nail in weight is required for laboratory analy-
sis. Depending on the length of the nail sample, a window of
exposure between 1 and 6 months can be assessed. Chemicals are
deposited in the nails through the blood stream following inhala-
tion or ingestion; however, they may undergo metabolism and can
generally be identified in the nail tissues 1-2 months after being
absorbed based on growth rate.

Advantages and limitations of nail samples are listed in Taldle 1.
As toenails have a slower growth rate than fingernails (up to 30%
slower, especially in winter), they provide a longer integration of
exposure to environmental chemicals, in particular to Pb expo-
sure {Harbosa et al, 2005).

When external contamination can be removed, toenail metal-
tic and metalloid elements concentrations are generally considered
reflective of internal body stores and they can also be useful indi-
cators of environmental contamination {(Carland et sl 189%;
Lanwerys and Heet, 2007 Slotnick and Nrisgy, 2008). In fact, el-
evated toenail concentrations of metallic and metalioid elements
have been found in mining areas with significant environmental ex-
posure to these compounds (Nidilila 2y al, 2014). Nail samples are
usually pre-cleaned by ultrasonic agitation in a Teflon beaker con-
taining a solvent (e.g. acetone), dried at room temperature and then,
like hair, processed using acid digestion in a microwave oven in order
to convert into liguid prior to the measurement of metallic and met-
alloid elements (Lemos and de Carvalhe, 2010)

Cuison { 1995} found that the Pb concentration in nail has a very
high intra-individual variation so that this matrix seems not to be
suitable for biomonitoring purposes. However, due to their low
growth rates, fingernail and toenail Hg levels are reliable indica-
tors and can serve as a reflection of Hg exposure over the previous
year (Daniel et al, 20045

2.8. Teeth

Teeth have been used as indicators of exposure to metallic and
metalloid elements for several decades. However, teeth are not ap-
propriate for biomonitoring because they are not readily available.
When available, they can be used as a biclogical matrix for assess-
ing the burden of metallic and metalloid elements. Shed teeth are
obtained non-invasively and provide a window into archival levels
of exposure to these compounds during early periods of develop-
ment (Ahdullah et al, 2018). Additional advantages and limitations
of teeth as a biclogical matrix for HBM are shown in Tabie 1. Pb levels
inn teeth have been used as a measure of exposure to this metal, es-
pecially in growing children (Gil ot al, 1994),

2.9. Breast millk
While breastfeeding has been recognized and promoted by public

health officials as the most beneficial source of nourishment during
infancy, it can be a potential source of exposure to toxic chemnicals
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to which the mother has previously been exposed. Chemicals ac-
cumulated in the mother's tissues may be transferred to infant during
breastfeeding {Massart et al, 2008). Although infants are likely to
be exposed to higher levels of metallic elements before birth than
during breastfeeding, breast milk may be an additional pathway of
exposure {Table 1). In case of exposure during pregnancy to
bicaccumulative compounds, such as some metallic elements and
hvdrophobic organic chemicals, breast milk might provide infor-
mation on prenatal exposure to these compounds (Needham and
Wang, 2002 Solomon and Weiss, 2002).

Dietectable levels of toxic metals such as Pb, Hg and Cd have been
documented in breast mitk population studies of women with no
current environmental or occupational exposures. A number of breast
milk monitoring studies have reported a wide range of variation for
mean values of toxic metals in human milk (Al-3aleh 2t al, 2003,
Dovea, 2004, Lenteinidis ef al, 2005),

Unlike other persistent contaminants, metallic and metalloid el-
ements {(e.g. Pb, Hg and Cd) appear in human milk at lower
concentrations than lipid-soluble chemicals and their levels rep-
resent about 20% of the those found in blood from the same person
(Goidipng, 1997). This is attributed to their low lipid-solubility and
high binding to erythrocytes.

Levels of metallic and metalloid elements in breast milk are sig-
nificantly associated with heavy road traffic and industrial activity.
Lactation requires a substantial redistribution of maternal calcium
that is mobilized from bone stores. As Pb accurmulates in bone from
past exposures, during lactation it can be released into blood and
excreted into breast milk (Eftinger et al, 2004}

3. Validation of analytical procedures for biomonitoring of
metallic and metalloid elements in biological samples

Different methodological approaches (sampling, sample prep-
aration, analytical methods, etc.) have been used for the
determination of metallic and metalioid elements in biclogical ma-
trices. [n consequence, results from different studies are difficult to
compare and meaningful conclusions cannot be reliably drawn
(Dongarrd et al, 201 1) Validation of analytical procedures has
become a routine requirement for reporting data pertaining to
human biomonitoring. Analytical issues certainly need to be taken
into account when evaluating data reported in older studies.

The analysis of metallic and metalloid elements in binlogical ma-
trices, other than blood and urine, has not yet been accepted as a
useful tool for biological monitering, so that the validation of an-
alytical procedures in these non-conventional samples is absolutely
relevant. The most significant problems encountered in the labo-
ratory methodology used for non-conventional samples analysis
include variation in sample preparation, variation in laboratory
quality control programs and interlaboratory variability in refer-
ence ranges, resuits and interpretation of data {Harkins and Susten,
20030

Methiodologies for the determination of the metallic and met-
alloid elements have been generally reported for blood and urine,
but are scarce for other matrices such as placenta, saliva, meco-
niurmn, etc. Validation of the analytical methods has become a basic
prerequisite for official laboratories involved in biomonitoring of me-
tallic and metalloid elements (GH ef al, 2008; Obmede et al, 20107,
According to the recommendations of IUPAC (International Union
of Pure and Applied Chemistry} and other agencies (UN] {ET EN
ISOAEC 17045, 2005, Commission Decision, 3002, 837/EC, 2002),
the validation protocol must include the following parameters: limit
of detection {LOD) and guantification (LOQ}, linear range, preci-
sion (minimal, intermediate and reproducibility), accuracy, recovery
and characteristic mass. Furthermore, the analytical method must
be always controlled by using external certified reference materi-
als {CRM). As certified reference materials are not available for

metallic and metalloid elements for all biclogical samples (e.g. saliva
or placenta) the accuracy is sometimes replaced by recovery studies
using samples spiked with a standard solution of these elements.
in these cases, recoveries must demonstrate a good concordance
with respect to theoretical values.

In many cases, prior dilution of samples is a critical step and the
best results are obtained by using appropriate dilution factors. These
factors must be adequately elucidated by studying the dilution effect
on the analyte concentration. The mere dilution of some specific
biclogical samples (e.g. saliva or urine} could be enough to mini-
mize the interference and effects of the biological matrix such as
proteins, salts and other compounds (Kocadereli et al, 2003; Clmede
et al, 2010). Furthermore, the methods validated in a given labo-
ratory should be checked and revalidated whenever they are adopted
by anocther laboratory.

Particular attention must be paid to the number of samples with
levels of metallic and metalloid elements below the LOD. As their
concentration in hair and urine do not fit a normal distribution, range,
median, percentiles {25, 75, 85th)} and geometric means should
always be provided. According to the U0 (2008}, concentrations
less than the LOD can be assigned a value equal to the LOD divided
by the square root of 2 for calculations.

A high percentage of samples below the limit of quantification
makes the comparison with other studies particularly difficult. As
a general rule, if more than 60% of samples from a study popula-
tion are below the LOD, percentile 25, median and gecmetric mean
statistics cannot be calculated. This drawback can be partially over-
come by using Tobit regression models, which is the recommended
approach (Molina-Villabes et al, 2015). These models require speci-
fying the limit below which the actual value of the dependent
variable {levels of metallic and metalloid elements) is unknown, so
they allow for an estimate of the effect, despite having a large number
of samples below the LOD. Thus, Tobit models are useful for mod-
eling censored variables and suitable for measurements with a
detection limit below which the actual value of the variable is
unknown. These models take into account the uncertainty in the
estimates, which will be greater as the number of censored values
increases. However, a large number of values below the LOD affect
the standard error of the estimate and consequently the confi-
dence interval. The results of the multivariate analysis are valid
because the data have been analyzed using techniques that make
an adequate treatment of these censored data, and uncertainty has
been considered for the estimates.

Traditionally, urinary biomonitoring data are adjusted to a con-
stant creatinine concentration to correct for variable dilutions among
spot samples. While this approach has been used in population
groups without much diversity, the inclusion of multiple demo-
graphic groups in biomonitoring studies for exposure assessment
has increased the variability in the urinary creatinine levels. To over-
come this variability, multiple regression analyses are recommended
to include the analyte concentration (unadjusted for creatinine) along
with urinary creatinine added as a separate independent variable
(Barr et al, 2005). Because the World Health Organization guide-
lines consider that urine samples with creatinine values less than
0.3 g/l or greater than 3 g/l are unrepresentative, they should be ex-
cluded from statistical analysis to minimize both over- and
underestimation in calculating the normalized concentrations.

4. Influence of potentially confounding factors on metallic
and metalloid elements concentration

A specific questionnalre must be abways administered to the study
patticipants to obtali inforniation on sex aze, body mass dex (BMI
and life stvle habits (aimoking, alcohol consumption and od intake
frequenicy) All these factors may contribute to variation in metal-
lic and metalloid elements concentration (Gil et al, 2011 Leung and
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Huang, 1997 Fsh, nutrient supplemient and medicingl hetbs intake
are particalarly relevant in relation with exposure to those com.
pounds (Hsi et al, 2014).

Hair levels of metallic and metalloid elements tend to vary from
one geographical region to another depending on the natural back-
ground conditions, including composition of soil, element
concentration in water and food and eating habits. Therefore, the
analysis of biological samples should always include a dietary ques-
tionnaire that provides information on the potential source of body
burden of metallic and metalloid elements (Bencks, 1985, Fors and
Bersson, 2008), For instance, cereals and vegetables represent the
major source of Cd exposure for the general population. Also, type
of water consumption may have an impact on As levels and certain
fish species are the major source of Hg.

Importantly, metallic and metalloid elements speciation is rel-
evant for the interpretation of analytical results for some of these
compounds. In this regard, Hg is an element of special concern
because its inorganic form is biologically transformed in aquatic en-
vironments into methylmercury (MeHg), a lipophilic organic
compound that bicaccurmulates and biomagnifies as it moves up the
aguatic food chain, particularly in predatory fish species (e.g. tuna)
(Gewurty et al, 2001, Obmnedo et al, 2013, Several studies have
shownn that higher Hg levels in hair are likely related to fish con-
sumption as contaminated fish represent the primary route of
exposure to methylmercury (Benefice of al, 2008, Peplow and
Augustine, 3 2). Even though total Hg is currently measured in most
epidemiologic studies in the general population, 80% of total hair
Hg consists of methybmercury and both of them are linearly related
(MeBowel et al, 2004). Measurement of Hg in whele blood or scalp
hair is used to monitor exposure to methyl-Hg; by contrast, urine
is not useful for determining whether exposure has occurred to
methyl-Hg. Hence, hair can be a useful matrix for determining Hg
in the general population but is less relevant for individuals occu-
pationally exposed to Hg. In this case, urine Hg is currently used
to test for exposure to metallic Hg vapor and to inorganic forms of
Hg. Nonetheless, levels found in blood, urine and hair may be used
together to predict possible health effects that may be caused by
the different forrns of Hg (ATSDR ~Agengy for Toxie Substances and
[sease Registry-, 199%).

With regard to As speciation, it is well-known that most As found
in fish and shellfish is organic As, the less toxic form. According to
the European Food Safety Authority (EFS4, 2008}, only 2% and 3.5%
of the As contained in fish and shellfish products, respectively, could
be considered as toxic inorganic As. In other circumstances, As con-
centrations in drinking water {(particularly from well or spring) could
influence As urine levels {Molina-Villalva ot al, 20153).

Hair content of chemicals depends on age, sex (Thoinacka et al,,
2006a; Senofonte et al, 2000), living habits (Choinacka et al., 2008b;
Miskeley ot gl 19598), and environmental exposures (associated with
wrbanization and industrialization) (Ashral and Jaffar, 1287, Gil et al,
0115 Girls usually exhibit higher concentrations of metallic and
metalloid elements in hair than boys (Ratista et i, 18996; Fujlmura
gt al, J012 and Menpezes-Filho of al, 3008, Molina-Villalva ot al,
2015), a finding that can be accounted for by the different growth
rate of hair among individuals since a larger metallic and metal-
loid elements accumulation is expected with a slower rate of hair
growth (Sanns e al, 2008), Nevertheless, there are somie contro-
versial results as greater Hg and Pb levels have been reported for
males as compared to females (Clivero-Verbel e al, 2008; Sanna
2t al, 2003}

Questionnaines should alse inchide data o health stanis (absence
of serious chionic diseases such as diabetes, hvpertension or thvioid
disease] miedication and history of mictal alleray, otthodontic ap.
pliances as well as occupational datd such as lifetine working
experichee (yeats), hyeiene conditions and usé ol personal protec-
tive equipmient (eg Tace imasks respitators et 1 is also important

tolassess the place of recidence [e g trban, ninal e ) (Molina-Villalva
et al, $0155

In summary, thete is 3 need for information on exposure life
style and socicecononiic factors, stratified by cender and age for
the purpose of conducting balanced risk asdessment and manase.
ment that considers such diffetences [Berglund er al, 2011

5. The huportance of setting reference values for
biomonitoring of metallic and metalloid elements in non-
conventional biological samples

Reference values concern healthy subjects and use reference
groups and are also called normal ranges or normal values, Specif-
ic ranges are usually made for sex, age group, race, etc. (Mikulewicz
et al, 2013, Poulsen et al, 12597, Reference values for environmen-
tal pollutants in human biclogical materials {e.g., blood, urine) are
derived following the methods and criteria currently used to es-
tablish reference values for clinical chemistry parameters. Generally,
reference values are based on analyses of blood or urine collected
from a representative sample of the general population. Hence, they
are statistically derived values and do not represent health-based
guidance values. If a measured pollutant concentration in blood or
urine exceeds the reference value, it does not necessarily mean that
there is an increased health risk (3chuiz et al, 2007),

The wtility of exposure and biological effect measures has become
increasingly important to establish safety environmental concen-
trations for metallic and metalloid elements in order to prevent garly
harmful effects on hurnans. One of the most important issues in using
alternative samples for HBM studies is the definition and develop-
ment of “reference ranges” that describe exposure of the general
population to metallic and metalloid elements. In contrast to ref-
erence values, toxicologically-based values have been established
by International Agencies such as NIOSH, OSHA, EPA, ATSDR, etc,
for occupational settings and they are used as recommended ref-
erence values {Biological Exposure Indices, BEls) (Ewers ef al, 1989;
Gil, 2012, Mikulewicz et al, 2013

The absence of worldwide accepted reference tanges for levels
of metallic and metallold elements in non conventional samples lies
on the Tack of a reliable and dscful merhod for assessiiient expo-
sure to these compounds without any potential interference.
Reference range (standard range) is defined a5 the prediction ind
terval hetween which 95% of valties of a reference sroup are found,
The elaboration of reference ranses usually includes different per
centiles most commonly 5th-05th petcentiles

A systematic review of reference values of elements in human
hair has indicated that the lack of reference values is the absence
of clear guidance on the methodology for the population selec-
tion, sampling, preparation and digestion, as well as analytical
procedures. Hence, health-based guidelines for their interpreta-
tion have not yet been completely established (Herndndez et o,
£014), For hair data, the NHANES 1999-2000 provide reference
values for metallic and metalloid elements in U.S. children aged 1-5
years {Mcliowell et al, 2004). For example, normal concentra-
ticns of As in hair of unexposed humans usually ranges from 0.02
to 1 ug/g (Hindmarsh et al, 199%) and 1 ug/g has been set by the
WHO {Lig 2r al, 2010) as the critical value.

&. Future divections

Further research on this issue is needed, especially to ascertain
whether or not alternative matrices offer definitive advantages over
the traditional biclogical fluids, blood and urine.

Efforts are needed to broaden the database for metallic and met-
alloid elements in different matrices that allows for better
establishing reference values of non-exposed populations and to
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allow them to become accepted reliable exposure biomarkers. The
influence of nutritional status should be also considered.

Based on the potential accumulation of many metallic and met-
alloid elements in certain human tissues, including hair or saliva,
the use of these non-conventional biological matrices can be useful
for assessing individual or group exposure to those elements as ad-
ditional or alternative matrices to blood or urine for population
biomonitoring programs.

For hair to be considered as a reliable index of chronic expo-
sure, a quantitative relationship between hair levels and body burden
must always be found, which is not the case in the available liter-
ature. Because of the potential for sample contamination, hair levels
are not reliable either as predictors of toxicity or as indicators of
exposure. Hair testing can be used as a useful screening tool for
biomonitoring chronic exposure to environmental toxic elements
and blood testing could be triggered in cases of excessive expo-
sure, thus allowing for an improved assessment of the long term
risk for the general population (Benckn, 1985).
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